The existence of adaptive immunity in prokaryotes came to light with the discovery of the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) in association with CRISPR-associated (Cas) proteins. This RNA mediated defence system confers resistance against the invading mobile genetic elements such as phages and plasmids. The CRISPR-Cas system operates by forming a ribonucleoprotein complex that comprises of an invader derived small RNA and Cas protein(s). Herein the small RNA acts as a guide to recognize the nucleic acid target whereas the Cas proteins facilitate target annihilation. Given the cardinal role adopted by this small RNA, its maturation from the pre-CRISPR transcript forms a pivot for successful adaptive immunity. The mandate to generate the guide CRISPR RNA (crRNA) is fulfilled by specific endoribonuclease, which processes the pre-crRNA transcript in between the repeats to liberate the individual interfering units. Intriguingly, while some endoRNases of the CRISPR system are able to process the pre-crRNA independently, others require participation of additional Cas proteins, which form a multi-protein complex for processing the pre-crRNA. Additionally, some CRISPR variants require non-Cas auxiliary factors to process the pre-crRNA. The mode of crRNA maturation further diversifies as the endoRNases in CRISPR variants coevolve with repeat clusters that exhibit high diversity in sequence and folding. Therefore, the maturation of a specific crRNA requires a distinct mechanistic solution for substrate discrimination by these endoRNases, the understanding of which is essential for appreciating the CRISPR biology. This review highlights the vivid modes adopted by the diverse CRISPR-Cas systems to generate the mature crRNA. 
Introduction
In order to survive, all organisms must overcome their predators. The prokaryotes and their viral predators coexist in natural and man-made environment and therefore the prokaryotes face a constant threat of getting infected by phages. This results in acute pressure on the microbial community to coevolve with their predators causing an evolutionary arms race between prey and predator. Pitted against a hostile environment, prokaryotes have developed multilayered antiviral defense systems, which act at various stages of the infection cycle of the invader. These include various innate defense systems like surface exclusion (receptor downregulation or masking), super infection exclusion (Sie systems), restrictionmodification systems (R-M and R-M like systems), and abortive infection systems (Abi) (Hyman and Abedon, 2010; Labrie et al., 2010; Westra et al., 2012a) . These innate defense mechanisms are diffusive in nature and do not rely on the identity of the predator to elicit a response (Fig 1) . Added to this repertoire of arsenals, the recently discovered Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) in association with CRISPRassociated (Cas) proteins endows the bacteria and archaea with an adaptive immunity (Jansen et al., 2002a; Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005; Makarova et al., 2006; Barrangou et al., 2007; Brouns et al., 2008; Marraffini 456 Ankita Punetha et al. and Sontheimer, 2008; Hale et al., 2009; Garneau et al., 2010; Hale et al., 2012; Zhang et al., 2012; Mojica and Rodriguez-Valera, 2016) (Fig. 2) . This system acquires a fragment of foreign nucleic acid during invasion and employs this as an immunological memory in order to specifically recognize and neutralize the recurrent infections. In contrast to other known defense mechanisms in prokaryotes, CRISPR-Cas system is an RNA mediated adaptive immune system that holds functional analogy to the RNA interference (RNAi) in higher organisms. Both these systems utilize a guide RNA to direct the effector protein complex to silence the target (Fire et al., 1998; Barrangou et al., 2007; Brouns et al., 2008; Marraffini and Sontheimer, 2008; Hale et al., 2009; Garneau et al., 2010; Hale et al., 2012; Zhang et al., 2012; Swarts et al., 2014; Swarts et al., 2015; Miyoshi et al., 2016; Doxzen and Doudna, 2017) .
Approximately half of all sequenced bacteria and nearly all sequenced archaea harbour one or more CRISPR loci (Grissa et al., 2007; Rousseau et al., 2009; , which is composed of a series of direct repeats of about 20-50 bp separated by similarly sized unique invader derived spacer sequences (Ishino et al., 1987; Nakata et al., 1989; Jansen et al., 2002b; Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005) along with cas genes in their immediate vicinity (Jansen et al., 2002a; Haft et al., 2005) . A low complexity, A/T rich, noncoding sequence can be found upstream of the CRISPR array. This is termed as "leader" and typically this region harbours promoter for CRISPR transcription (Jansen et al., 2002b; Lillestol et al., 2006; Lillestol et al., 2009; Pougach et al., 2010) . In those CRISPR arrays that are usually preceded by a leader sequence, individual experimental studies reveal that the leader contains signals for CRISPR-Cas adaptation, which facilitates the spacer incorporation at leader-repeat junction in a polarized fashion. (Jansen et al., 2002b; Lillestol et al., 2009; Bernick et al., 2012; Erdmann and Garrett, 2012; Yosef et al., 2012; Diez-Villasenor et al., 2013; Erdmann et al., 2014; Wei et al., 2015a; Wei et al., 2015b; Nunez et al., 2016; Wang et al., 2016; Yoganand et al., 2017) . However, in case of leaderless CRISPR array as in Neisseria strains (type II-C), the new spacer integration seems to occur . In such CRISPR arrays, transcription may occur from the promoters proximal to CRISPR array (Lillestol et al., 2006; Lillestol et al., 2009; Zhang et al., 2013) .
The CRISPR-Cas system shows high diversity owing to the dynamic evolution of CRISPR locus, involving numerous rearrangements and horizontal transfer of complete or individual modules and therefore this precludes a simple phylogenetic classification. Recent classification schemes of CRISPR-Cas systems that evolved over the years combine the analysis of signature protein families, features of the architecture of cas loci and the information of the effector modules involved in interference and categorize them into two distinct classes, six types and nineteen subtypes (Haft et al., 2005; Makarova et al., 2006; Makarova et al., 2017a; Makarova et al., 2017b; Shmakov et al., 2017) . Class 1 employs multi-protein effector module for target interference whereas Class 2 utilizes multi-domain single effector protein. These highly diverse CRISPR-Cas variants display major structural and functional differences in their mode of generating resistance against invading nucleic acids. Overall, the CRISPR immunity can be operationally distinguished into three stages -adaptation, maturation and interference (Fig. 2 ) and the functional mechanism seems to vary among the different types of CRISPRCas system. 
Stage 1: Adaptation
CRISPR adaptation involves acquiring the immunological memory of infection in the form of nucleic acids from invading mobile genetic elements (MGEs) (Barrangou et al., 2007; Brouns et al., 2008; Deveau et al., 2008; Datsenko et al., 2012; Yosef et al., 2012; Wei et al., 2015b; Jackson et al., 2017) . The invader-derived nucleic acid prior to integration into the CRISPR array as "spacers" is referred as protospacer. The integration of new protospacers occurs at one end of the CRISPR array in a polarized fashion and this biased integration seems to maintain the chronology of the infection (Yosef et al., 2012; McGinn and Marraffini, 2016; Nunez et al., 2016; Wright et al., 2017; Yoganand et al., 2017) . At the end of adaptation process, a new spacer gets integrated into the CRISPR array followed by the duplication of the repeat. The selection of protospacer fragment for integration is based on the presence of a small sequence motif (2-7 nt) referred to as protospacer adjacent motif (PAM), which can be located either at the 5'-or the 3'-end of the protospacer (Deveau et al., 2008; Horvath et al., 2008; Mojica et al., 2009; Wei et al., 2015a) . In CRISPR-Cas systems, two modes of spacer adaptation are known (i) Naïve adaptation which occurs during a maiden infection and it involves the participation of adaptation machinery alone (Yosef et al., 2012; Arslan et al., 2014; Hooton and Connerton, 2014) and (ii) Primed adaptation that occurs when the CRISPR contains a previously integrated spacer that is complementary to the invading DNA and requires both adaptation and interference machinery (Datsenko et al., 2012; Fineran et al., 2014; Hynes et al., 2014; Li et al., 2014; Künne et al., 2016; Rao et al., 2016; Staals et al., 2016) . Adaptation leads to highly efficient and selective acquisition of spacers with consensus PAM and most spacers are capable of protecting the host (Datsenko et al., 2012; Swarts et al., 2012; Li et al., 2014; Richter et al., 2014; Wei et al., 2015b) . The adaptation module is largely invariant across CRISPR-Cas systems. Cas1 and Cas2 that are ubiquitously conserved across CRISPRCas systems are essential for protospacer integration. In addition, this process is orchestrated by several host derived accessory factors (Ivanèiae-Baaee et al., 2015; Nunez et al., 2016; Fagerlund et al., 2017; Wright et al., 2017; Yoganand et al., 2017) .
Stage 2: Maturation
In the second stage termed as maturation, the CRISPR locus is transcribed to form a single primary transcript called the pre-CRISPR RNA (pre-crRNA) by RNA polymerase. Subsequently, the pre-crRNA is cleaved endonucleolytically by specific endoribonuclease to yield mature crRNA, which then binds to Cas effector proteins and serves as guide in the third stage of CRISPR-mediated defense (Carte et al., 2008; Deltcheva et al., 2011; Sashital et al., 2011; Garside et al., 2012; Nam et al., 2012; Fonfara et al., 2016) . Thus, based on its function, the crRNA is also referred as prokaryotic silencing (psiRNA) (Hale et al., 2009) or guide RNA (Brouns et al., 2008; Carte et al., 2008) . The mechanism of crRNA maturation is elaborated in later part of the section (see below).
Stage 3: Interference
The last stage of CRISPR-Cas system is Interference where the invading plasmid or phage DNA is targeted by nucleolytic cleavage thereby protecting the host from invasive attack. Degradation of the target DNA is initiated with the identification of protospacer by an interference complex (Brouns et al., 2008; Garneau et al., 2010) . In Class 1, interference complex comprises of a multi-subunit ribonucleoprotein (RNP) complex called as CRISPR-associated complex for antiviral defence (Cascade) whereas, in Class 2, a single protein degrades the target. With the exception of type III subtype in Class 1, recognition of target by the CRISPR machinery requires the presence of a PAM (Mojica et al., 2009; Marraffini and Sontheimer, 2010; Semenova et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012; Pyenson et al., 2017) . The primary function of PAM sequence is to protect the host genome against self-targeting and to selectively target the invading DNA (Westra et al., 2013) . PAM is recognised by the interference complex and mutations in PAM sequence leads to target evasion (Sapranauskas et al., 2011; Westra et al., 2012b; Hayes et al., 2016) . In addition, cleavage of protospacer depends on the sequence located proximal to the PAM called as seed sequence. Seed sequences are usually 8-9 nt long and are crucial for interference (Semenova et al., 2011; Wiedenheft et al., 2011b) . Target binding relies on the base pairing between the protospacer and the spacer region of crRNA, which Mohanraju et al., 2016; Nishimasu and Nureki, 2016; Makarova et al., 2017a; Makarova et al., 2017b) .
In this review, we focus on the recent advancements on the distinct modes of maturation of the crRNA among CRISPR variants, which are presented in the following section.
Mechanism of CRISPR RNA Maturation
The maturation stage can be further divided into two sequential steps (i) the transcription of CRISPR locus and (ii) the crRNA processing, both of which are required for successful interference.
The Transcription of CRISPR Locus
Transcription of a CRISPR locus into a primary transcript or pre-crRNA was first observed in high throughput analyses of non-coding RNAs in the archaea Archaeoglobus fulgidus and Sulfolobus solfataricus P2 (Tang et al., 2002; Tang et al., 2005) . The transcripts ranged from a minimum length corresponding to the distance between two successive repeats in the CRISPR cluster to higher order multiples of this single repeat-spacer unit. The detected sequences corresponded to various positions of the CRISPR array suggesting that the whole locus is transcribed as a long transcript, which is subsequently processed into smaller repeat-spacer units. Later, the transcription of CRISPR loci was shown in a number of species, such as Escherichia coli (Brouns et al., 2008; Pougach et al., 2010; Pul et al., 2010) , Thermus thermophilus (Agari et al., 2010) , Xanthomonas oryzae (Semenova et al., 2009) , Pyrococcus furiosus (Hale et al., 2009) , Staphylococcus epidermidis (Marraffini and Sontheimer, 2008) , Sulfolobus solfataricus and Sulfolobus acidocaldarius (Tang et al., 2005; Lillestol et al., 2009) . All these studies suggested the unidirectional transcription from the leader proximal end of the locus. The analysis of the transcription start-sites and leader regions of the Sulfolobales revealed putative BRE and TATA box motifs within 25 nt of the transcription start site in the leader sequence. This suggested the existence of promoter in the leader region (Lillestol et al., 2009) . Also, the reverse transcripts of the repeat clusters were detected in S. solfataricus and S. acidocaldarius (Lillestol et al., 2009) , suggesting the existence of putative BRE and TATA box elements downstream of the CRISPR arrays, but their processing seems to be less efficient and therefore it remains unknown whether they produce functional repeat-spacer units. Generally, Cas proteins and pre-crRNA are expressed constitutively but under certain conditions these levels can be regulated, suggesting a feedback mechanism to monitor the presence of invasive nucleic acid. The process has striking differences among various CRISPR-Cas systems, which highlight the remarkable ability of CRISPR systems to adapt and evolve according to environmental pressures. The following types of regulation have been observed in the transcription of CRISPR arrays and cas genes 1. crRNAs are often quantitatively identified as dominant form of small RNAs in bacteria and archaea. This suggests the constitutive expression of CRISPR loci, which can be further induced by viral challenge. This is consistent with a surveillance mode of action and has been observed in archaea (Tang et al., 2002; Hale et al., 2009; Lillestol et al., 2009; Semenova et al., 2009) . Further, expression can be upregulated by cAMP receptor protein in response to phage infection (Agari et al., 2010) . This pathway also gets activated during carbon limitation stress. Another study suggests the upregulation of cas gene expression in response to envelope stress (Perez-Rodriguez et al., 2011) .
2. The negative regulation of cas operon by DevS along with the dev operon, which controls developmental stages has been observed in Myxococcus xanthus (Viswanathan et al., 2007) . In E. coli, transcription is suppressed by the Heat-stable Nucleoid Structuring protein (H-NS) -a typical transcriptional repressor in gramnegative bacteria -which binds to the promoter region in the leader sequence of the CRISPR locus . This repression is relieved by the transcriptional regulator LeuO, by binding to the same genomic region and reversing the cooperative binding of H-NS dimers along the DNA and also by directly or indirectly promoting the CRISPR-associated transcription (Westra et al., 2010) .
Biogenesis of CRISPR RNA
The biogenesis of crRNA involves processing of the CRISPR array (consisting of repeat-spacer units) by endoRNases, which cleave in-between the repeats of pre-CRISPR transcript and liberate each spacer unit flanked by partial repeat sequence on both sides. This in some cases may get further trimmed on edges in order to become a mature crRNA. Distinct set of enzymes is employed to process pre-crRNAs in various types of CRISPR-Cas systems Mohanraju et al., 2016; Makarova et al., 2017a; Makarova et al., 2017b; Shmakov et al., 2017) . These endoRNases perform two specific functions First, they recognize and process the precursor transcript to generate the mature form of crRNAs and second they retain the mature crRNA for subsequent loading onto the respective effector proteins or complexes that mediate interference. In some CRISPR variants such as type I-A, I-B, I-D, II A-C and III A-B, the endoRNase that processes the pre-CRISPR transcript doesn't seem to be a part of the effector complex (Makarova et al., 2017a; Makarova et al., 2017b) .
Diversity in crRNA Maturation
The six types and the nineteen subtypes of CRISPRCas employ distinct endoRNases to process the precrRNA transcript Mohanraju et al., 2016; Makarova et al., 2017a; Makarova et al., 2017b; Shmakov et al., 2017) . The current repertoire of the known endoribonucleases that are involved in maturation of the crRNA in currently known CRISPR-Cas system is shown in Table 1 . Interestingly, the above classification of the CRISPRCas system is based exclusively on the diversity of the cas component. However, another dimension to this classification can be added based on the diversity of the CRISPR component (Kunin et al., 2007) . This will reveal specific relationships between CRISPRCas subtypes and is also advantageous in instances where CRISPR arrays occur in the absence of cas genes. The repeats present in various CRISPR-Cas types and subtypes differ in their sequence and structure, and can attain a structured architecture in the form of stem-loop or remain unstructured. The propensity of each repeat sequence to form stable secondary structures, typically a stem-loop structure, depends on the palindromic nature of the repeat sequence. Based on the sequence similarity, the CRISPR repeats can be organized into multiple clusters, resulting in some clusters with stable, highly conserved RNA secondary structures, while others lack the detectable structures. The alignment of the repeats, followed by clustering of the sequence similarity, generated 33 repeat clusters, 12 of which contained 10 or more members, with the largest cluster (cluster 1) containing 94 repeat sequences (Kunin et I-C Cas5
The crRNA processing endoRNases that belong to different subtypes of CRISPR-Cas system are shown. The Type I-U system shows the fusion of the Cas5-Cas6 proteins, the functionality of which needs to be explored. In type II system, the requirement of Cas9 to direct RNase III to specifically cleave the repeat is shown by hash (#). The possibility of the effector nucleases involvement in crRNA maturation is indicated by star (*). The boxes coloured with pink indicate that the crRNA processor is yet to be identified in those CRISPR-Cas systems al., 2007). Some clusters contained repeats from organisms as distantly related as archaea and bacteria, supporting the horizontal transfer of the CRISPR-Cas systems between microorganisms. Based on this repeat clustering, the various CRISPR-Cas systems can be associated with diverse clusters -differing in the sequence and structure of repeats and also on the phyletic distribution as shown in Table 2 . Among the structured clusters, variations were observed in sequence, the length of the stem and its position relative to the 5'-or 3'-end of the repeat. For example, in cluster 4 the stem is typically 5 bp long and is found in the middle of the repeat, whereas in cluster 3 it is typically 7 bp long, and is found towards the 5'-end of the repeat. Thus, the specific recognition of a repeat RNA requires a distinct mechanistic solution for substrate discrimination by endoRNases, suggesting variations in the mechanism of substrate recognition and processing among CRISPR variants.
Type I and Type III CRISPR Systems
A CRISPR-specific endoribonuclease Cas6 associated with most type I (except I-C) and type III (except III-C and III-D) binds and cleaves the repeat elements in a sequence and structure specific manner (Brouns et al., 2008; Carte et al., 2010; Gesner et al., 2011; Lintner et al., 2011; Sashital et al., 2011; Wang et al., 2011; Haurwitz et al., 2012; Sternberg et al., 2012; Shao and Li, 2013; Shao et al., 2016) . These proteins are part of the RAMP (Repeat Associated Mysterious Proteins) superfamily which encompasses a plethora of protein families having tandem or single ferredoxin-like folds, also called as RNA recognition motifs (RRM) for RNA binding (Haurwitz et al., 2010; Wang et al., 2011) . In most type I systems (except I-A and I-B), Cas6 associates with other Cas proteins to form a large RNP surveillance complex referred to as Cascade that takes part in both the crRNA maturation and invader The information is derived from Kunin et al (2007) and the classification scheme that is in vogue is presented. Association of the specific repeat cluster with particular CRISPR variant is indicated by cell filled with green colour. The repeat folding and phyletic distribution of the various clusters among the CRISPR variants are also shown. The clusters (1-12) differ in the sequence, size and position of stem in the repeat. More than one kind of repeat cluster can be associated with a particular Cas subtypes. Exceptionally, cluster 5 is not associated exclusively with any of the recognized Cas subtypes and occurs in genomes that contain other CRISPR repeat clusters as well. It was found to be associated with most of the core cas genes (cas1-4 and cas6) and lacks any of the additional type-defining genes (Kunin et al., 2007) silencing (Brouns et al., 2008; Lintner et al., 2011; Hochstrasser and Doudna, 2015; Hille and Charpentier, 2016; Makarova et al., 2017a) . In such cases, Cas6 acts as a single turnover catalyst and remains bound to the matured crRNA after cleavage to become part of the interference complex (Brouns et al., 2008; Jore et al., 2011; Sashital et al., 2011; Haurwitz et al., 2012; Sternberg et al., 2012; Jackson et al., 2014; Niewoehner et al., 2014; Zhao et al., 2014; Hayes et al., 2016) . However, in case of type III systems, pre-CRISPR transcript is processed by Cas6 in solitude and not as part of the effector complex (Carte et al., 2008; Carte et al., 2010; Wang et al., 2011; Shao and Li, 2013; Shao et al., 2016; Makarova et al., 2017a) . Further, Cas6/III does not become a constituent of interference complex (Hale et al., 2009; Zhang et al., 2012; Rouillon et al., 2013; Spilman et al., 2013; Benda et al., 2014; Staals et al., 2014; Osawa et al., 2015; Taylor et al., 2015; Makarova et al., 2017a) , with the exception being Csm/III-A complex from Streptococcus thermophilus that shows weak transient interactions with Cas6 (Tamulaitis et al., 2014) . This possibly grants Cas6/ III the flexibility required to associate with multiple subtypes that potentially differ at the interference stage. This allows sharing of crRNA processing pathways, with the mature crRNAs ultimately getting loaded onto specific effector complex. Type III system displays two kinds of effector complexes -Csm (Type III-A/D) or Cmr (Type III-B/C) (Hale et al., 2009; Zhang et al., 2012; Hatoum-Aslan et al., 2013; Rouillon et al., 2013; Tamulaitis et al., 2014; Zhang et al., 2016) , which show distant relationship with Type I effector complex (Rouillon et al., 2013; Osawa et al., 2015; Taylor et al., 2015) .
A primary processed crRNA typically contains 8 nt repeat sequence at the 5'-end (often called 5' handle), a spacer sequence (guide) (Brouns et al., 2008; Haurwitz et al., 2010; Lintner et al., 2011) and a variable 3'-end in some instances, which stems from further trimming at 3'-end by as yet unidentified nuclease(s) (Hale et al., 2008; Hatoum-Aslan et al., 2011; Richter et al., 2012; Zhang et al., 2012; Hatoum-Aslan et al., 2013; Rouillon et al., 2013; Shao and Li, 2013; Tamulaitis et al., 2014) . Intriguingly, the extent of processing appears to be effector complexspecific (Hale et al., 2009; Lintner et al., 2011; Zhang et al., 2012; Hatoum-Aslan et al., 2013; Rouillon et al., 2013; Tamulaitis et al., 2014) . For example, S.
solfataricus Cmr RNA component shows two different populations -some with a short 3' handle, while others with very little repeat-derived sequence at the 3'-end (Zhang et al., 2012) . Similarly, S. epidermidis Csm and P. furiosus Cmr RNA component show two mature crRNAs, differing by 6 nt (Lintner et al., 2011; Hatoum-Aslan et al., 2013) . However, the S. solfataricus Csm appears to have a single form of bound crRNA, comprising of spacer bounded by 8 nt 5' handle and 3 nt 3' handle (Rouillon et al., 2013) . By contrast, the RNA component of E. coli Cascade and Pseudomonas aeruginosa Csy complex show no secondary processing and retains the unprocessed 3'-end in mature crRNA (Brouns et al., 2008; Jore et al., 2011; Wiedenheft et al., 2011a; Haurwitz et al., 2012) . After binding to the effector complex, the crRNA may undergo secondary processing by a ruler-like mechanism operating from the 5' handle of the primary crRNA (Hatoum-Aslan et al., 2011) . The crRNA-binding subunits that form the backbone of the effector complexes may protect definite length of crRNA, and excess may get trimmed of from the 3'-end (Hatoum-Aslan et al., 2011; Hatoum-Aslan et al., 2013; Rouillon et al., 2013) . Thus, the differential processing of crRNA seems to depend on their ultimate destination in effector complex, with the complex defining the final length of the crRNA.
Though these crRNA processors share no detectable sequence similarity, they all adopt ferredoxin-like folds (Ebihara et al., 2006; Gesner et al., 2011; Sashital et al., 2011; Wang et al., 2011) . However, despite their shared fold and structural topology, each subtype specific endoRNase exhibits remarkably different mechanism for target RNA recognition and cleavage (Fig. 3) . This functional versatility is related to the specific repeat family of each subtype, which can form structured, unstructured or weakly structured repeats, that influences the mode of recognition of repeats and binding by the respective Cas proteins (Kunin et al., 2007) .
In E. coli, the crRNA is processed by Cas6/I-E as part of Cascade (Brouns et al., 2008; Wiedenheft et al., 2011a) (Fig. 3A) . The structure of Cas6/I-E from T. thermophilus (Gesner et al., 2011; Sashital et al., 2011) reveals the presence of tandem ferredoxin-like (βαββαβ) fold. The repeat sequences of this system form a stable hexanucleotide stem with RNase III is shown in green colour a tetranucleotide loop. The phosphate backbone of the 3' region of the RNA makes electrostatic contacts with positively charged residues in both of the ferredoxin-like domains, while the 5' region remains exposed to solvent. Here, the N-terminal ferredoxin domain (N-ferredoxin) of Cas6/I-E is involved in RNA hydrolysis and interacts accordingly with the lower portion of the RNA stem containing the scissile phosphate, as well as with the two unpaired nucleotides at the 3'-end of the RNA. On the other hand, the C-terminal ferredoxin domain (Cferredoxin), which is involved in the recognition of RNA substrate, includes the major groove interacting β-hairpin (β6-β7), that contacts the middle and upper regions of the stem-loop through its several positively charged residues. In addition to the major groove binding hairpin of the protein, a second β-hairpin (â11 and β12) contacts the base of the RNA stem. Intriguingly, the free and RNA-bound structures of Cas6/I-E show notable differences. The regions including the β-hairpin (β6-β7) and a loop connecting strands β11 and β12 are disordered in the free state, indicating that interactions with the RNA stabilize their conformation (Fig. 4A) . Further, the unwinding of the terminal base pair of the repeat stem-loop takes place, which is necessary for cleavage at a G-A bond at the 3'-end of the base of the repeat stem-loop (Gesner et al., 2011; Sashital et al., 2011) . The catalytic residues Tyr23, His26, Arg27 and Arg158 are involved in RNA cleavage (Fig. 5A) .
In Pseudomonas aeruginosa, Cas6/I-F adopts an N-terminal ferredoxin-like fold (N-ferredoxin) but its C-terminal region adopts an extended conformation (C-ext), although the basic secondary structure connectivity resembles a ferredoxin-like fold (Haurwitz et al., 2010) (Fig. 4B) . The repeat sequences of this system form a stable five base pair stem with a pentaloop, with the cleavage occurring at the 3'-end of the stem. An arginine rich helix in the C-terminal domain interacts extensively with the major groove of the RNA stem-loop and uses two amino acid side chains to read out the identity of the bottom two base pairs of the hairpin. The base of the stem of the repeat RNA is positioned in the positively charged cleft between the two domains (Fig. 4B) . Cas6/I-F makes a sequence specific interaction with the first single stranded nucleotide upstream of the stem-loop, but does not interact with any of the nucleotides downstream of the stem-loop (Haurwitz et al., 2010; Haurwitz et al., 2012) . Sequence specific hydrogen bonds tether the substrate in the active site so that the cleavage takes place immediately downstream of the hairpin, i.e., 8 nt upstream of the spacer sequence. Residues His29 and Ser148 are involved in processing of crRNA and mutation in these residues abolishes cleavage reflecting their importance (Fig. 5B) . Cas6/ I-F remains bound to the cleavage product via the base-specific interactions with the RNA, enabling the subsequent use of the mature crRNA by Cascade/I-F complex (Sternberg et al., 2012; Rollins et al., 2015) .
A representative of the Cas6 family protein associated with subtypes I-A, I-B, I-D, III-A and III-B has been characterized in P. furiosus, S. solfataricus and Methanococcus maripaludis (Carte et al., 2010; Wang et al., 2011; Shao and Li, 2013; Shao et al., 2016) . Although the architecture of Cas6 from these subtypes also consists of two ferredoxin-like domains, the molecular mechanism for recognition and cleavage of the pre-crRNA seems to have evolved to accommodate the unstructured repeat RNA associated with these subtypes (Kunin et al., 2007) (Fig. 3B) . In Cas6/III-B the conserved positively charged central cleft between the two ferredoxinlike domains is responsible for interaction with single stranded repeat RNA, where conserved residues form contacts with nucleotides near the 5'-end of the CRISPR repeat, anchoring it in position for the cleavage at 3'-end of the repeat on the opposite surface of the protein (vide 3 in Fig. 3B ). The RNA likely wraps around the protein to the opposite face where Cas6/III-B cleaves the RNA in an A-A dinucleotide motif (Carte et al., 2008; Carte et al., 2010; Wang et al., 2011) (Fig. 4E) . The catalytic and binding sites are distantly located, and are linked by substrate, which is interacting weakly or transiently with the signature Gly-rich loop (vide 3 in Fig. 3B ). The cleavage of the pre-crRNA transcript occurs 8 nt upstream of each spacer generating the conserved 5' handle and variable 22 nt repeat derived sequence at the 3'-end. This processing is mediated by a catalytic triad comprising of Tyr31, His52 and Lys46 (Fig. 5E) . The product remains bound to Cas6 until transferred to the respective effector complex (Cmr/ III-B complex). The mature crRNAs may undergo further trimming at the 3'-end (Hale et al., 2009; Carte et al., 2010; Wang et al., 2011) .
Another interesting variation is observed in Cas6/I-A, which can induce the formation of 3 bp stem-loop upon binding to RNA for efficient processing by active site residues (Shao and Li, 2013) (Fig. 3B  (vide 1), 4C and 5C) . In yet another instance, two Cas6/I-B molecules bind to two distinct sites (a cleavage site and a distal site) on the long CRISPR repeat, i.e., dual binding (vide 2 in Fig. 3B ). One molecule of the Cas6/I-B that is bound to the distal site recognizes a 2 base pair stem and an AAYAA loop and supplies a tyrosine residue as a nucleobase mimic, that interacts with an adenine, which helps in stabilizing the stem and facilitates efficient cleavage of the pre-crRNA by another molecule of Cas6/I-B bound to the cleavage site (Shao et al., 2016) (Fig.  3B (vide 2), 4D and 5D ). Despite the diverse modes of RNA recognition, Cas6 cleavage produces the crRNA with an 8 nt repeat derived sequence at the 5'-end (Brouns et al., 2008; Carte et al., 2008; Carte et al., 2010; Hatoum-Aslan et al., 2011; Jore et al., 2011; Wang et al., 2011; Hatoum-Aslan et al., 2013) .
Notwithstanding the mode of RNA recognition that seems to vary between type I and III, the endoRNases seem to follow a metal independent acidbase hydrolysis mechanism producing a cyclic 2'-3' phosphate intermediate and the final product having 5' hydroxyl group (5'-OH) and 3' phosphate (3'-P) ends (Carte et al., 2008; Haurwitz et al., 2010; Gesner et al., 2011; Jore et al., 2011; Sashital et al., 2011; Wiedenheft et al., 2011b) . The deprotonated hydroxyl at the 2' position of the ribose functions as a nucleophile. The catalytic sites of all characterized Cas6-like enzymes are composed of an invariant histidine residue and a tyrosine residue in the active site along with a variable lysine or serine (Carte et al., 2008; Haurwitz et al., 2010; Gesner et al., 2011; Sashital et al., 2011) . However, the relative positions of these residues are poorly conserved, which might explain the observed functional variations in Cas6 activity. Moreover, to orient the substrate correctly, these RAMP proteins employ a glycine rich loop, which is typically located towards the C-terminus.
While Cas6 is pervasive among most type I systems, the only exception to this is observed in type I-C, wherein Cas6 is absent and its role is adopted by Cas5, which is shown to be involved in pre-crRNA processing (Garside et al., 2012; Nam et al., 2012; Koo et al., 2013; Punetha et al., 2014) (Fig. 3C) . Intriguingly, Cas5 in other type I systems appears to be inert and the gain of function with respect to RNA processing is uniquely seen in type I-C. Cas5/I-C processes the pre-CRISPR transcript individually as well as part of the Cascade/I-C complex in a metalindependent fashion (Punetha et al., 2014) . Unlike type I-E, Cascade/I-C comprises of only three Cas proteins viz., Cas5, Csd1 and Csd2. Remarkably, Csd1/ I-C also exhibits a metal-independent endoRNase activity similar to Cas5/I-C. This parallel processing of the crRNA seems to be an evolutionary adaptation for eliciting a rapid immune response and confers a selective advantage against genome predators. Further, the stoichiometry of the constituents of the RNP complex in type I-C may differ from type I-E as Csd1/I-C seems to be a fusion of its functional homolog Cse1/I-E and Cse2/I-E (Punetha et al., 2014) . Apart from the RNase activity, Cas5/I-C and Csd1/I-C also exhibit promiscuous DNase activity that is selectively promoted in the presence of divalent metals (Punetha et al., 2014) . Remarkably, the active site residues in Cas5/I-C show considerable functional overlap in both RNA and DNA hydrolysis (Punetha et al., 2014) . The mechanism of nucleic acid hydrolysis in type I-C also seems to follow a general acid base catalytic mechanism. Tyr46, Lys116 and His117 of Cas5/I-C seem to be attractive candidates to assume the analogous role as proposed for the equivalent residues in Cas6/III-B (Tyr31 Lys52 His46) (Carte et al., 2008) and the archetypal enzyme RNase A catalytic triad (His12 Lys41 His119), wherein the Tyr is replaced by His12 (Raines, 1998) .
A salient feature of the CRISPR-Cas system is that an organism can harbour more than one CRISPR variants. This can be attributed to horizontal gene transfer either via plasmids that harbour CRISPRcas loci or by other gene transfer mechanisms such as transposon activity, which result in the movement of CRISPR-cas loci across widely diverged lineages (Godde and Bickerton, 2006; Horvath et al., 2009; Portillo and Gonzalez, 2009 ). For example, T. thermophilus harbours three types of surveillance complexes (Cascade/I-E, Csm/III-A and Cmr/III-B) and three Cas6 endoRNases (TTHB192, TTHA0078 and TTHB231), which are associated with different repeat clusters and have distinct mode of substrate recognition (Sashital et al., 2011; Niewoehner et al., 2014; Staals et al., 2014) . Another mosaic CRISPRCas system is found in S. solfataricus, which harbours three types of surveillance complexes (Cascade/type I-A, Csm/type III-A and Cmr/type IIIB), five Cas6 paralogues and two different CRISPR repeat families (Sokolowski et al., 2014) .
Type II CRISPR System
Unlike type I and type III systems, the crRNA maturation in type II involves a distinct Cas protein referred as Cas9, which operates together with RNase III -a host factor -to facilitate CRISPR RNA processing (Deltcheva et al., 2011; Jinek et al., 2012) (Fig. 3D) . Additionally, a small RNA referred as tracrRNA (trans-activating CRISPR RNA), which is located upstream of the CRISPR array and complementary to the repeat region of pre-CRISPR RNA plays an important role in crRNA maturation. In addition, it is essential for crRNA mediated DNA recognition and Cas9 mediated targeting in vitro, even for crRNAs that bypass processing (Jinek et al., 2012; Zhang et al., 2013) . Cas9 promotes the base pairing between the tracrRNA and the repeat sequence of the pre-crRNA, which then becomes a substrate for double strand specific RNase III (Fig. 3D) . The cleavage ensues at specific positions within the duplex region producing crRNA units that consist of a complete spacer sequence flanked by the partial repeats. Subsequently, the extended processing of the partial repeat sequence is initiated at the 5'-end of the spacer by an unidentified nuclease. The processing continues until few nucleotides inside the spacer sequence and this concludes the dual step mechanism of crRNA maturation (Deltcheva et al., 2011) . The mature crRNA comprises of a 20 nt spacer derived sequence at the 5'-end and a 19-22 nt repeat derived sequence at the 3'-end. This feature is strikingly different from the mature crRNAs found in type I and III, which harbour a repeat derived sequence at the 5'-end.
Even within type II, a variant mechanism of crRNA maturation is noticed in the type II-C represented by Neisseria meningitides, which shows an RNase III-independent mechanism . In this, the terminal 9 nt of each repeat harbours a promoter sequence (an extended -10 box promoter element), resulting in transcription of 9-10 nt downstream sequence, i.e., within the spacer. This generates 5'-end of crRNA directly by transcription bypassing the processing event, yielding the mature crRNA . Although trimming at the 3'-end may occur, which involves RNase III and tracrRNA but this is dispensable for interference . The dispensability of pre-crRNA processing represents a remarkable mechanistic variation in crRNA generation among type II variants.
Yet another interesting feature of type II system is that it seems to be absent in archaea and restricted to bacteria, and this seems plausible with the absence of gene encoding RNase III in most archaeal genomes (Garrett et al., 2015) .
The multidomain Cas9 (the effector of type II system) has a bi-lobed architecture, consisting of recognition (REC) and nuclease (NUC) lobes (Fig.  3D) (Sapranauskas et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012) . The NUC lobe contains two nuclease domains A RuvC-like domain and a HNH domain and therefore might mediate the second cleavage in crRNA that occurs at a fixed distance within the spacers during crRNA maturation (Deltcheva et al., 2011) . The association of Cas9 with the dual RNA structure composed of mature crRNA tracrRNA duplex triggers a conformational change, resulting in activation of ternary silencing complex that is suitable for target scanning, recognition, and interference (Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012) . The reorientation of Cas9 structural lobes generates a positively charged central cleft between the two lobes to bind both the guide RNA and target DNA duplex Nishimasu et al., 2014) . The RuvC and HNH domains of the NUC lobe of Cas9 cleave the displaced noncomplementary and the complementary target strand, respectively, in the crRNA target DNA complex (Gasiunas et al., 2012; Jinek et al., 2012; Chen et al., 2014) . Interestingly, an allosteric communication ensures concerted action of both RuvC-HNH nuclease domains during targeting (Sternberg et al., 2015; Jiang et al., 2016) . The binding and targeting by Cas9 depends on the recognition of PAM at the 3'-end of protospacer in addition to crRNA target DNA complementarity, that authorizes subsequent DNA strand displacement and R-loop formation (a three-stranded structure, composed of crRNA target DNA hybrid and the displaced DNA strand) (Anders et al., 2014; Sternberg et al., 2014) . Upon target DNA binding, Cas9 HNH domain undergoes several conformational transitions before adopting its active state displaying a remarkable conformational activation (Sternberg et al., 2015; Dagdas et al., 2017; Huai et al., 2017; Shibata et al., 2017) .
The crRNA and tracrRNA can be combined into a chimeric single guide RNA (sgRNA) for simplifying the system for sequence-specific DNA targeting (Jinek et al., 2012; Butt et al., 2017) . Thus, any DNA sequence of interest can be targeted by changing the guide RNA sequence (spacer) within the crRNA. Further, a nuclease deficient Cas9 (dCas9, a variant with inactivating mutations in RuvC and HNH domains) can be fused to an effector domain to drive required function. The vivid applications of CRISPR-Cas9 technology include -multiplex gene editing (creating indels at precise locations) (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013; Butt et al., 2017; Kumagai et al., 2017) , epigenome editing (Hilton et al., 2015; Kearns et al., 2015; Liu et al., 2016; Chen et al., 2017; O'Geen et al., 2017) , transcriptional activation and repression (Bikard et al., 2013; Gilbert et al., 2013; Konermann et al., 2013; Qi et al., 2013; Kim et al., 2017; Machens et al., 2017) , imaging system for fluorescent labelled macromolecules in live cell (Chen et al., 2013; Fu et al., 2016; Nelles et al., 2016; Takei et al., 2017; Zhou et al., 2017) , building gene circuits (Kiani et al., 2014; Liu et al., 2014; Nissim et al., 2014; Gander et al., 2017) , genome-wide screening (Shalem et al., 2014; Wang et al., 2014; Schmierer et al., 2017) , developing antimicrobials (Bikard et al., 2014; Park et al., 2017) , and antivirals (Ebina et al., 2013; Hu et al., 2014; Ramanan et al., 2015; Dampier et al., 2017; Huang and Nair, 2017; Scott et al., 2017) to name a few. Thus, this system exhibits immense promise for precise gene editing to cure genetic diseases.
Type IV and Type V CRISPR Systems
In the recently identified type IV system, the mechanism underlying the crRNA maturation is yet to be determined Makarova et al., 2017a) . In type V-A system a single multifunctional protein, Cpf1 (Cas12a), which is similar to that of Cas9/II, is involved in both maturation and interference stages (Zetsche et al., 2015) . However, in contrast to Cas9/II, Cpf1/V-A directly processes pre-crRNA without the requirement of auxiliary factors (Fonfara et al., 2016) (Fig. 3E ). Cpf1/V-A cleaves pre-crRNA upstream of a stem-loop structure formed within the CRISPR repeats and generates intermediate crRNAs, which are further processed to form mature crRNAs. Since Cpf1/V-A exhibits both RNase and DNase activity, the dual nuclease activity requires sequence and structure specific binding to the stem-loop of crRNA repeats, for which it uses distinct active domains and cleaves nucleic acids in the presence of magnesium or calcium (Yamano et al., 2016) . Cpf1/V-A has a bi-lobed architecture consisting of aá-REC lobe and a NUC lobe (Dong et al., 2016; Yamano et al., 2016) (Fig. 4F) . The α-REC lobe contains two REC domains at the N-terminal region, and the NUC lobe consists of a RuvC domain, wedge (WED), Nuc domain, PAM-interacting (PI) domain and a Bridge helix (BH) domain. The catalytic residues (His843, Lys852, Lys869 and Phe873) involved in crRNA processing reside in the WED domain of NUC lobe (Fonfara et al., 2016) (Fig. 5F ). In contrast to type I and III (Cas6 and Cas5/I-C) endoRNases, which are metal independent processors of crRNA, Cpf1/V-A requires a metal cofactor for the RNA processing (Fig. 3E) . Further, in contrast to Cas9/II, Cpf1/V-A contains only RuvC domain and lacks the HNH domain, suggesting a distinct molecular mechanism being operational at interference level. The crRNA-target DNA duplex binds at the central positively charged cleft formed between the REC and NUC lobes, as revealed by the structure of Cpf1 from Acidaminococcus sp. (Gao et al., 2016) .
In a newly identified type V-B system, a guide tracrRNA mediated C2c1 (Cas12b) site-specifically cleaves both the strands of target DNA (Yang et al., 2016; Lewis and Ke, 2017) . C2c1/V-B shows the cleavage properties similar to Cpf1/V-A and distinct from Cas9/II. But the requirement of both crRNA and tracrRNA, is in sharp contrast to Cpf1/V-A, which only requires crRNA for targeting (Yang et al., 2016) . The structure of C2c1 from Alicyclobacillus acidoterrestris in complex with a chimeric singlemolecule guide RNA (sgRNA comprises of a crRNA covalently linked to a tracrRNA) exhibits a bi-lobed architecture consisting of a REC and NUC lobe (Liu et al., 2017a) (Fig. 4G) . In C2c1, the sgRNA scaffold forms a tetra-helical structure with a distinct mechanism of assembly that differs from Cas9/II or Cpf1/V-A endonuclease (Liu et al., 2017a) (Fig. 4G) . The crRNA binds in the central cleft of C2c1, while the tracrRNA binds in an external surface groove. Although C2c1/V-B lacks a PI domain, the PAM duplex has a similar binding position found in Cpf1/V-A. Hitherto, the involvement of C2c1 in crRNA biogenesis either as a solo or in association with auxiliary factor remains to be determined.
Type VI CRISPR System
The type VI-A effector, C2c2 (Cas13a1), is responsible for both pre-crRNA processing and target RNA cleavage (East-Seletsky et al., 2016) . The effectors of type VI are unrelated to the type II and type V effectors and contain two ribonuclease domains of the HEPN superfamily (Liu et al., 2017b; Makarova et al., 2017b; Shmakov et al., 2017) . In Leptotrichia buccalis (LbuC2c2), the two unique HEPN domains of LbuC2c2 (Cas13a) were shown to be important for interference but not for the crRNA processing. The residue (R1079) involved in crRNA maturation was found to be located in the C-terminal domain of LbuC2c2 (East-seletsky et al., 2016) . The recently available structure of Leptotrichia shahii (LshC2c2) exhibits a bi-lobed structure, which is reminiscent of all other Class 2 effectors. It contains a REC lobe (1-498) with an N-terminal domain (NTD) and a Helical-1 domain and a NUC lobe (499-1389) with two HEPN domains and a Helical-2 domain (Liu et al., 2017b) (Fig. 3F and 4H ). The two RNase catalytic sites responsible for cleaving pre-crRNA and target RNA are independently located on REC lobe (Helical-1 domain) and NUC lobe (HEPN domains), respectively. The surface of the Helical-1 domain facing the NTD domain is positively charged which forms a cleft for pre-crRNA-binding. The Helical-1 domain of LshC2c2 reveals the involvement of Lys471 in substrate orientation and Arg438 and Lys441 in pre-crRNA processing ( Fig. 4H and 5G ). Mutation of Asn1315 in HEPN2 domain reduced the LshC2c2 activity suggesting that it is important but not directly involved in catalysis. Among these critical residues for pre-crRNA processing, Arg438 is conserved and Lys441 is variable (Fig. 5G) . The lack of conservation of Lys441 suggests that the cleavage position varies between pre-crRNAs associated with C2c2 of different species.
Further, the crRNA maturation doesn't seem to require tracrRNA, which is in contrast to Cas9/II and C2c1/V-B (Deltcheva et al., 2011; Chylinski et al., 2013; Chylinski et al., 2014; Shmakov et al., 2015; Wu et al., 2017) . C2c2 is an RNA-guided RNase, which upon target RNA recognition, shows promiscuity towards other host RNAs and apparently causes cell toxicity or death (Abudayyeh et al., 2016) .
The effectors of type VI-A could have evolved from HEPN domain-containing RNases that serve as accessory proteins in certain Class 1 CRISPR-Cas system (Liu et al., 2017b; Makarova et al., 2017b; Shmakov et al., 2017) . The crRNA maturation in type VI-B harbouring Cas13b and type VI-C harbouring Cas13a2 needs to be further investigated (Makarova et al., 2017b; Smargon et al., 2017) .
Conclusion
The discovery of the disparate Cas nucleases has significantly enriched the knowledge on nucleic acid recognition and catalysis that lies at the heart of CRISPR immunity. The different CRISPR-Cas systems showcase the impressive range of molecular strategies utilized by Cas endoribonucleases to impart RNA specificity and cleavage. Thus, the high diversity in the modes of crRNA recognition highlights the exceptional plasticity of CRISPR-Cas systems and reflects the co-evolution of the endoRNases with their associated repeat sequences. The fascinating variations displayed by the ever-expanding CRISPRCas systems allude to yet more surprises on the mechanism of CRISPR RNA maturation in the years to come.
